7.7 Outlook Appendix: Model of the Tip-Sample Interaction References
THE STRUCTURE AND ROLE OF BIOMEMBRANES
Living organisms are all organized by the same general principle: They exist in the form of cells, from single cells to aggregates of several and up to a multitude of cooperating cells with specialized functions. Nevertheless, each of the cells consists of a small aqueous volume with diameters from 1 ).lm to a few millimeters.
This volume is surrounded by and pervaded with membranes that form the boundaries of the cell and internal cellular compartments. Membranes consist of a bimolecular layer of lipid molecules and a broad variety of proteins that can span the membrane or be attached to the surface ( Fig. 7.1 ). The thickness of the biomembranes ranges from approximately 4 nm in domains of pure lipid to 15 nm in regions where bulky proteins protrude into the aqueous environment. In addition, many proteins are decorated with sugars ("glycosylated"). To fortify structural features of cells, organisms have developed additional outer membranes or cell walls that are constructed of proteins, sugars, or mineral components to conserve specific shapes or to protect the cells against osmotic stress.
The plasma membrane of a cell separates the cytoplasm from the environment. As a consequence, the ionic concentration and the composition of other substrates in the intracellular aqueous phase are maintained across the membrane such that metabolic processes can take place under optimized conditions. Therefore, a continual entry and exit of matter has to happen. On the one hand, uncontrolled diffusion of molecules has to be minimized. Indeed, the lipid bilayer is a high diffusion barrier for most of the substances solved in the aqueous phases. On the other hand, specific transport processes have to be performed to guarantee the uptake of nutrients and necessary cofactors into the cell and the export of metabolic decomposition products, as well as toxic materials that appear in the cytosol of the cell. Proteins take care of the transport processes. The energy to perform these functions is stored in the transmembrane electrochemical potential of mainly the concentration gradients of Na+ and K+ ions and the electrical membrane potential.
Since the 1920s there has been much investigation of membranes, components, and functions of membranes. Beginning with Gorter and Grendel (1925) , the model of bimolecular layers of lipids was brought up and is now well accepted since Singer and Nicolson (1972) published the fluid mosaic model of cell membranes. Although lipid molecules are more or less ordered in a membrane, the structure of a membrane is not rigid (at least in the physiological range of temperatures). Biological membranes are thought to be in a liquid -crystalline state. This could be proved by experimentally determined diffusion coefficients for lipid molecules in the range of D -10-7 -10-8 cm 2 st and for proteins in membranes of D -10-9 cm 2 s-i . This high fluidity indicates a significant softness of biomembranes that has to be taken into account when membranes are scanned by methods contacting the surface. The physical chemistry of membranes has become textbook knowledge and can be retrieved easily (e.g., Silver, 1985) .
Membrane proteins with a broad variety of functions, from transport of different classes of substances to voltage-and concentration-gradient generating ion pumps and to information-transducing devices, have been identified. The sizes of proteins range from a few ten thousand to a million daltons. During the processes of their actions, proteins may perform peristaltic motions ("conformational changes") or may interact with other proteins. Hence their spatial coordination is of crucial importance.
For the understanding of molecular mechanisms of proteins, therefore, their structures and arrangements in membranes are of crucial importance. Besides experimental techniques such as electron microscopy, X-ray diffraction studies, and nuclear magnetic resonance (NMR) methods, as well as theoretical approaches, have been applied. From known amino acid sequences the protein topologies are constructed by determination of hydropathy plots and compared with the results of specific labeling and specific proteolytic treatments (Eisenberg, 1984; Jennings, 1989) .
Since structure -function relationships are of great importance to understand biological processes, it is of interest to adapt new techniques to investigate the structure of proteins with nanometer resolution under physiological conditions in which they are capable of performing their functions. Therefore it is promising to apply scanning force microscopy to investigate biological membranes containing native proteins.
INVESTIGATION OF BIOLOGICAL MEMBRANES BY SFM
Scanning force microscopy (SFM) is not restricted to conducting surfaces. This advantage was used almost immediately to scan organic surfaces such as crystals of amino acids (Gould et al., 1988) or organic monolayers (Marti et al., 1988) . It was then obvious to extend the method to biological systems. Initial materials were blood cells and bacteria (Gould et aI., 1990) . The purple membrane, which consists of crystalline areas of a single proton pumping protein, bacteriorhodopsin, was investigated extensively. Its three-dimensional structure in the membrane has been well characterized by various techniques. Therefore it is ideally suited to test the capabilities of SFM. Bacteriorhodopsin has been scanned in dried form on lysine-coated glass, on mica (Worcester et al., 1990; Gould et al., 1990) , and in buffer solutions (Butt et al., 1990) . The findings were in agreement with results of electron diffraction experiments and documented that the SFM can be a useful tool with which to image structures of biological membranes. A second integral membrane protein investigated by SFM was Na,K-ATPase . This protein and its function and structure are described in detail in this chapter.
Besides membrane surfaces of living organisms, model systems of biological membranes can be investigated. They are obtained by transferring monomolecular films of phospholipids onto solid surfaces by the Langmuir-Blodgett technique. The surface structure of pure lipid membranes or asymmetric proteolipid (Fab lipid) -containing membranes has been revealed by SFM (Egger et aI., 1990; Weisenhorn et al., 1990) .
Larger structures such as unicellular algae, so-called diatoms, have also been successfully imaged with SFM. The walls of their shells are coated by layers of polysaccharides, proteins, and lipids and are sculptured with patterns in the range of approximately 100 nm. Scanning these shells at room temperature and in aqueous environments resulted in images known otherwise only from scanning electron microscopy .
The following section is concerned with the preparation and investigation of Na,K-ATPase-containing membrane fragments by SFM. A series of methodological and technical aspects are discussed, and their implications for SFM imaging are presented.
Na,K-ATPase
Na,K-ATPase is found in the cytoplasmic membranes of virtually all animal cells, and it is responsible for active transport of Na+ ions out of the cell and K+ ions into the cell. Low sodium and high potassium concentrations in the cytoplasm are essential for basic cellular functions such as excitability, secondary active transport, and volume regulation (Lauger, 1991) .
Structure
The enzyme consists of two subunits, a and P, formed by different polypeptide chains. The a-subunit contains approximately 1000 amino acids, with a molecular mass of about 112 kDa (Shull et al., 1985) and performs all catalytic functions (Jergensen and Andersen, 1988) . The p-subunit is a glycoprotein consisting of approximately 300 amino acids and 50 carbohydrate residues (Shull et al., 1986) , with a molecular mass of about 35 kDa (excluding the carbohydrate). The role of the ,B-subunit is not yet clear. However, the proteins are enzymatically active and transport competent only when a-and p-subunits are inserted into the membrane at the same time and are able to interact during the processes of folding and arranging the amino acids. They form heterodimers of one a-and one p-subunit (Ackermann and Geering, 1990) . The minimal functional unit of the protein is still an open question. Besides the aP-structure, mainly the (aPh is claimed to form the transport competent form of the ion pump (Norby and Jensen, 1991) . From a Fourier analysis of tilted specimen of negative-stained (aph-crystals; a three-dimensional reconstruction of the Na,K-ATPase has been derived (Maunsbach et al., 1988) . The proteins seem to protrude at least 4 nm on the cytoplasmic side of the lipid bilayer and about 2 nm on the extracellular. Approximately 40% of the mass of the protein is disposed within the hydrophobic core of the membrane, about 40% is located on the cytoplasmic side, and about 20% is on the extracellular side. The enzymatic machinery is situated in the cytoplasmic part of the a-subunit. Na,K-ATPase can exist in two principal conformations, El and E 2 , each of which can be stabilized by different ionic compositions of the buffer. The El conformation is maintained preferentially in the presence of (cytoplasmic) Na+ ions and ATP in absence of Mg2+. Under these conditions up to three Na+ ions are bound to selective ion-binding sites facing the cytoplasm. Addition of Mg2+ as a necessary cofactor leads to a phosphorylation of the enzyme and to a conformational transition to an E 2 state. The E 2 conformation can be stabilized by buffers containing a few millimolar of K+ ions and inorganic phosphate. Then the ion-binding sites are facing the extracellular medium and have a high affinity for K+ ions. The digestion of the protein by proteases (trypsin or a-chymotrypsin) in both conformations results in a different pattern of digestion products, indicating significant rearrangements of the quaternary structure of the a-subunit during conformational changes (Jorgensen and Andersen, 1988).
Isolation
Although all animal cells are equipped with Na,K-ATPase, tissues that are specialized for Na transport are especially rich in this protein. Therefore, outer medulla of mammalian kidney, salt glands of sea birds, rectal glands of sharks, or excitable tissues like nerve cells are used to isolate this protein.
The isolation and purification of the Na,K-ATPase from rabbit renal tissue was pedormed by a slightly modified procedure described by]orgensen (1974) and Apell et al. (1985) . The outer medulla is homogenized, and a differential centrifugation yields a fraction of plasma membrane vesicles with Na,K-ATPase. Treatment of these vesicles with the detergent sodium dodecylsulfate removes selectively and quantitatively membrane proteins other than the Na,K-ATPase and part of the membrane lipids. After a second centrifugation step a preparation of flat, purified membrane fragments is obtained. They have diameters of 0.4-lpm and contain up to -1()'4 ap-protomers per micrometer squared as determined from electron microscopic studies (Deguchi et al., 1977) . The membrane preparations have typical enzymatic activities of 2000 pmol released inorganic phosphate per milligram of protein per hour. These preparations can be stored at -70°C for long times without changing their properties.
Crystallization
A standard technique with which to gain information on protein structure is the electron microscopic investigation of proteins that have been treated to form a two-dimensional crystal. Image processing of electron microscopic pictures of stained crystalline areas have resolutions on the order of a few angstroms, depending on the size of the crystalline areas. This technique has been applied to Na,K-ATPase for more than 10 years (for review, see Maunsbach et al., 1991) . To grow crystals, Na,K-ATPase in purified membrane fractions may be incubated with various combinations of ligands and ion concentrations under different conditions of temperature, pH, and time. Crystallization of the protein is possible in both the E. and E 2 conformations and as monomers or dimers in the unit cell, depending on the composition of the crystallization buffer (Maunsbach et al., 1991) . Besides vanadate or phosphate, phospholipase A 2 has been used to induce the crystallization (Mohraz et al., 1985) . It has been shown that crystallization occurs as the result of hydrolysis and solubilization of the phospholipids of the membrane fragments.
To prepare Na,K-ATPase crystals for SFM investigations, a suspension of 1 mg/ml of protein in freshly prepared purified membranes was treated with buffer containing 10 mM Tris-HCl, 1 mM CaCI 2 , 1 mM MgC12' 5 mM H 3 P0 4 , and 60 pg/ml phospholipase A 2 at pH 7.3. The reaction mixture was transferred into a dialysis tube. The pore size excluded molecular masses above 14 kDa. The external medium had the lOOO-fold volume of the internal volume; thus the decomposition products of the phosholipase were diluted. To avoid· bacterial growth in the solution, azide was added to the buffer. After 2 days the preparation was transferred into a dialysis tube with a pore size of 300 kDa, and the buffer was replaced by a calcium-free one for another 1-2 days. This step reduced the amount and activity of the phospholipase. The dialyzed membrane fragments finally were concentrated by centrifugation (20,000 g, 15 min). All procedures were performed at 4°C. The residual enzymatic activity of the crystallized protein was determined to be approximately 20 ,£lmol inorganic phosphate per milligram of protein per hour. The almost complete loss of activity could be explained by the digestion of the essential lipid environment of the ion pump or by blocking of the protein in a particular conformation when crystal structures are formed.
A transmission electron microscopic picture of a crystallized membrane preparation is shown in Figure 7 .2. The image was taken from a freshly crystallized membrane sample. The treatment with phospholipase A 2 lasted 48 hr, and then the preparation was washed, concentrated by centrifugation, and deposited on a carbonized copper grid. Negative staining was performed with a 1% solu-
100 nm FIGURE 7.2 Electron microscopic image of membrane fragments containing Na, K-ATPase (negative staining with 1% uranyl acetate). The membrane fragments have been incubated with phospholipase A 2 for 48 hours and have sizes of 100 to 500 nm. On the surfaces two different rypes of domains can be distinguished: Uncrystallized areas with randomly distributed particles, which are identified as proteins, sometimes in groups of 3 or 4; and a crystallized pattern with rows of dimers. The unit cell has a rypical size of 15 X 6 nm 2 and an inner angle of 65'. Conspicuous is the buckling edge of the fragments, which is extremely rich in particles.
tion of uranyl acetate. On the images of the membrane fragments different structures could be discriminated: uncrystallized areas with randomly distributed particles, crystallized domains with rows of dimers or sometimes trimers, and buckled edges of the fragments that were extremely rich in particles. The dimensions determined for the unit cell were in good agreement with published data: a = 16 nm, b = 6nm, and y = 65° (Mohraz et aI., 1985) . The sizes of the crystalline areas depended on the duration of the phospholipase A 2 incubation. They appeared after approximately 24 hr and increased relative to the total area. After 6 days, only crystalline structures remained. The areas with randomly distributed particles can be interpreted as lipid bilayers with uncrystallized proteins. Rather frequently oligomers of two to four particles were found. Characteristic was the finding of invaginations and holes in the membrane, while the edges of fragments were formed by bulges of protein particles. These findings have been also reproduced with SFM (Apell et aI., 1992) .
SAMPLE PREPARATION FOR SFM
Scanning the surface of Na,K-ATPase-containing membrane fragments (or other membrane-bound proteins) causes some problems that are specific for this method and that need preparative investigations and technical precautions: (1) Membrane fragments are obtained as aqueous solutions that have to be transferred and immobilized on smooth surfaces appropriate for SFM; (2) contaminations that cover surface features have to be avoided or removed; and most important, (3) changes of the sample due to the scanning forces have to be minimized in order to achieve good contrast and to reduce mechanical damage of the soft biological material.
Binding of Membrane Fragments onto Mica Surface
Solutions of membrane fragments were diluted with distilled water or buffer to obtain protein concentrations of 0.1-0.3 mgjml. A drop of this solution was placed onto freshly cleaved muscovite mica (potassium aluminosilicate, thickness 0.15 mm) for 10-60 s. Then the mica was rinsed carefully with buffer and transferred to the SFM.
This procedure led to a coverage of the mica surface of 20 -60% by membrane fragments. The adhesion was an all-or-none process. When fragments had "bound" to the surface, they could not be moved on the surface without serious damage. Since Mg2+ and Ca 2 + ions improved the speed and yield of the adhesion to the mica, we rinsed the freshly cleaved mica with buffer containing a moderate concentration of Mg2+ ions (5 -10 mM) and removed the residulll liquid before adding the fragments. This treatment presumably replaced the K+ ions in the surface layer of the green mica by Mg2+ ions and therefore enabled a more effective adhesion process and improved crystal stability.
Removal of Surface Contaminations
Scanning of adhered crystallized or uncrystallized fragments without further procedures detected much debris in addition to the membrane fragments. The contaminations could be classified in two groups: on the one hand, coarse particles with diameters of about 50 nm; and on the other hand, a thin, contrastreducing film that covered the fragments and the mica sudace almost homogeneously. The first type of deposited material presumably consisted of small protein -lipid aggregates. Freezing and thawing of fragments increased the fraction of these minifragments from about 40% to more than 80% coverage on the mica surface. This type of contamination was increased also in preparations that had been stored at 4°C for more than 1 week and in preparations with freshly crystallized fragments that had been kept at room temperature for more than 3 hr. The second type of debris had the appearance of a film of soft material that covered all sudaces. It prevented the observation of the mica structure between membrane fragments. This material could have its origin in the degradation products of the phospholipase treatment such as fatty acids. A similar problem was the removal of additional enzymes from the preparation procedure (e.g., phospholipase or neuraminidase).
The amount of debris can be reduced in different ways. First, the mica-adsorbed fragments should be rinsed with a large excess of buffer. However, this treatment is not sufficient to achieve good contrast and to make the mica structure visible between the fragments. To get rid of small-sized or dissolved material, the following procedure has been developed as a standard technique: Solutions of (crystallized) membrane fragments were dialyzed for several days in a tubing with a molecular mass cut-off of 300 kDa in order to remove the phospholipase. This preserves the fragments in a given state of the crystallization process. A subsequent two-to threefold repetition of centrifugation as described above, discarding of the supernatant, and homogenization of the soft pellet at 4°C yields membrane preparations with good contrast.
It has been found that fragments adhere also to debris structures on mica, thus producing distortions of the scanned fragment sudaces. This process is controlled by the Mg2+ and Ca2+ concentrations in buffer containing the fragments. Since Mg2+ is essential for the stability of the crystallized fragments, their concentrations can be decreased only for a short period of time. Fragments that have been suspended overnight in buffer containing 1 mM phosphate and no Mg2+ exhibit less contaminated images, but adhere only slowly to the mica sudace.
On the other hand, we have found that the large crystallized fragments will sediment within a day out of a suspension to the bottom of a vial that contained 2 ml of buffer. This property was used as a purification procedure". Samples containing 10 IJ.g protein were placed on 1 ml of standard buffer to sediment overnight. The fragments collected from the pellet were so dean that the atomic structure of mica could be resolved between the fragments.
Manipulation of Surface Properties
Compared with solid-state sudaces, biological materials are soft, and membranes especially can be described as two-dimensional liquids. Thus, modified techniques are required to prevent mechanical damage and maintain maximal contrast.
Mechanical damage can be reduced by different means. Fragments can be stabilized by adding covalent cross-linking agents or certain cations that are able to link the constituents of the sample to each other or to the substrate. Near a phase transition point between liquid and solid state of the biological membranes, cooling can also stiffen the sample. Nevertheless, all these methods have significant influence on the properties of biomolecules. Therefore, the ideal approach is minimizing the imaging forces by using the sharper tips that are now available. Because of the smaller curvature angle, the attractive van der Waals forces and Coulomb forces are much lower, and a smaller contact area results in a reduced mechanical load and higher contrast.
In the case of ATPase crystals, it was not possible to achieve good images with forces below 1 nN. In the following section different approaches to stabilize the samples for SFM are discussed.
COOLING
ATPase crystals tend to dissociate in suspensions at room temperature. However, crystals adsorbed to mica are stable for hours even without cooling. Reducing the temperature of the samples to 3°C with an SFM placed in an absorber refrigerator increased their stability, but the resolution could not be increased to reveal more features than the experiments pedormed at 20°C. Actually, the contrast seemed to be slightly lower at 3°C. Presumably, the standard SFM tips were too blunt, so they could not intrude into the spaces between the protein rows due to their enhanced rigidity. Since the transition temperature of the lipid mixture in the fragments was lower than -20°C, cooling to temperatures in the range of O°C did not lead to a significantly increased stability of the membrane fragments. The slight effect hardly compensated for the additional trouble with condensing water and thermal drifts. At temperatures below O°C, antifreezing agents had to be added to the buffer. In the case of Na,K-ATPase, high ion concentrations could not be used to reduce the freezing temperature, because high ionic strength alters the conformation of the protein. With sugars instead, temperatures could be achieved only in the range of -4°C due to the limited solubility of the sugars. Beyond the reduction of the freezing temperature it is known that dissolved sugar molecules change the physical properties of membranes (Crowe et al., 1988) . Cryoprotectants like methanol or glycols are known to alter the membrane structures; therefore, they are not suitable for our purposes.
Glycerol was less intedering. We have used buffers with 46% glycerol, which allowed us to image ATPase crystals at -20°C in the deep-freeze compartment of our refrigerator. However, glycerol entered the membrane phase and lowered its phase transition temperature. This compensated at least partly for the cooling effect. In summary, the images taken at -20°C were comparable with images at room temperature in the absence of antifreezing agents.
FIXATIVES
The standard fixation agent used in electron microscopy is glutaraldehyde. This compound links amino groups of the proteins to each other. Due to its high partition coefficient for the aqueous phase, it produces cross reactions between groups at the sudace of the proteins and therefore modifies the features of interest. As an alternative, one can use aromatic azides that have a high partition coefficient for the lipid phase and link intramembrane parts of proteins when irradiated with ultraviolet light (McBeath and Fujiwara, 1984) . A disadvantage of this method is the low absorption of the agent in the lipid phase. The necessary high light intensities at an excitation wavelength of 280 nm are expected to induce photo damage of the tryptophane residues of the protein. Agent-induced conformational changes of the protein cannot be excluded. Covalent linking of the proteins to mica is virtually impossible, since the O-Si-O bonds of the mica layers are extremely inert. Different laminar substrates that are sufficiently reactive to allow chemical modification have not been tested so far. Sudace modifications have to be sufficiently homogenous to maintain atomically flat sudaces. The cross-linking reactions have to be specific enough to avoid binding of debris from the environment.
IONIC CONDITIONS
Certain cations such as CaH, MgH, Fe3+, and UQi+ are known to alter the viscosity of biomembranes or to induce phase separation of some lipids. High concentrations of MgH and Ca H are known to inhibit the function of ATPase and lead to precipitation reactions with the phosphate. We have imaged uncrystallized membrane fragments in buffer containing 10 mM CaCI 2 • In contrast to CaH-free buffers, it was possible to resolve rows of proteins on the fragments even with blunt tips. However, the rows were less regular and the distance between them was larger than in crystallized fragments (-13 nm). Adsorption of the membrane fragments was much quicker than in buffer without Ca2+. Hence, at least part of the higher stability is due to higher forces between the mica and the fragments. On the other hand, Ca H is known to enhance the forces between the tip and the sample (Israelachvili, 1992) . In crystallized samples, Ca H has not shown any additional effect. Since MgH and Ca H ions improve adhesion to the mica, we rinse the freshly cleaved mica with standard buffer and remove the residual liquid before adding the fragments (see Section 7.4.1). K+ concentrations above 100 mM have been found to destroy the Ercrystals within a few minutes.
Exchanging the phosphate buffer for water enhanced the contrast in SFM images. This finding indicates that the ionic composition at the membranebuffer interface was crucial for the contrast mechanism. The influence of imaging forces is discussed in Section 7.6.2.
Water Cell
To scan Na,K-ATPase-containing membrane fragments, an SFM from Park Scientific Instruments (Mountain View, California) was used, modified by a self-designed water cell. Several problems have to be overcome before using SFM in aqueous solutions. At least three specifications have to be fulfilled: (1) The laser beam has to be guided through air -cell and cell-buffer interfaces in a way that it is reflected from the cantilever to the position-sensitive photo diode, (2) the approach of the cantilever to the mica surface should be observable to make the coarse positioning simple, and (3) the evaporation of water has to be minimal in order to maintain defined ionic conditions. All of these requirements could be satisfied with the design of a water cell that can be used in combination with a standard SFM. A schematic drawing is shown in Figure 7 .3 and described in the following.
The laser beam enters and leaves the buffer through small glass cubes. The glass surfaces are perpendicular to the laser beam, which avoids disturbing refraction effects. Glass has been chosen to obtain an undisturbed image of the laser beam on the photodiode and because it is a material that can be cleaned appropriately. The distance between the glass cubes and the cantilevers is small to minimize the effects of particles in the buffer passing through the light path. The cantilever can be watched through a piece of plexiglass that is passed into an opening of the water cell (and that can be removed if required). The view onto the mica has an angle of less than 10°relative to the surface. Under these conditions, it is possible to observe the image of the cantilevers as a reflection on the mica in spite of the low difference between the refractive indices of mica and water. This facilitates the manual approach of the tip to the mica within a distance of approximately 2 /-lm. The loss of water by evaporation is low due to the small surface between aqueous phase and air and can be compensated for by refilling a few microliters of distilled water once an hour. The total aqueous volume of the cell is approximately 100 /-ll. To clean the water cell after use, it is rinsed with water and ethanol. With this procedure salt and organic materials are removed and the accumulation of debris on the optical surfaces is prevented.
7.5IMAGING TECHNIQUES
It is evident that for imaging soft surfaces like biological samples the interaction between tip and sample has to be kept as small as possible to avoid distortions or Scientific Instruments to scan images of membrane fragments containing Na,K-ATPase. A: Longitudinal view of the cell: The main body of the cell has been manufactured from acrylic glass (dotted areas); the chip with the silicon nitride tip is pressed to a guiding holder by a stainless-steel spring. Two cylindrical windows are mounted from above to allow the laser beam to be reflected on the upper surface of the cantilever. A third glass body is mounted on the front side of the cell to allow visual control of the approach of the cantilever to the sample surface. The totallengrh of the cell is 20 mm. B: Transverse cross section illustrating the optical path of the laser beam through the water cell. The size of the scanning tip has been oversized drastically for clarity. The thickness of the glass windows is 5 mm, and the width of the cell 10 mm. even damage. Typical imaging forces in air lie in the range of (several) hundred nanoNewtons (1 nN = 10-9 N). Using the water cell to image in aqueous buffers reduced the interaction by two to three orders of magnitude and led to promising structural resolutions of protein-containing membrane fragments. Besides the reduction of the interaction, imaging in liquids allows the investigation of biological samples in their natural environment. Moreover, experiments may be made with functional units to investigate, for example, the dynamics of proteins. Some principal considerations of tip-sample interactions are presented in the next section.
Tip-Sample Interactions
In air, samples are covered by a liquid film of water and hydrocarbons; therefore the leading interaction is given by the meniscus formed between tip and sample. The attractive force produced by the Laplace pressure of this liquid bridge may be as high as several hundred nanonewtons. If the sample and the whole cantilever are immersed in a liquid, this meniscus is absent and the leading force is controlled by the van der Waals interaction:
where A is the Hamaker constant, R is the tip radius, and z is the tip-sample separation.
The Hamaker constant A depends on the optical properties of the interacting media, including the medium between tip and surface, and is usually smaller in liquids than in air (e.g., A = 13.2 X 10-20 J for mica-air/vacuum-mica, and A = 2.2 X 10-20 J for mica-water-mica) (Israelachvili, 1992) . Therefore the interaction between tip and sample in liquids is further reduced. Typical adhesion forces in water are 0.2 nN for a Si 3 N. tip on a mica substrate (Weisenhom et al., 1992) . The interaction force between tip and sample is typically two or three orders of magnitude less in liquid than in air. Since forces larger than about 1 nN can distort or even damage biological samples, imaging in liquids is fundamental for biological applications.
If physiological buffer is used, ions are present in the medium between the tip and the sample. Since biological samples are usually charged, this gives rise to an additional electrostatic interaction, the electrical double-layer interaction (lsraelachvili, 1992) . Essentially this interaction can be understood by the following mechanism: The surface charges repel equal charges in the electrolyte and attract opposite charges. Therefore close to the surface cl net charge distribution p is induced that generates an electrical potential cP according to is Debye length, is Ionic strength, n; is concentration, z; is valence of the i-th ion, and e is elementary charge. The Debye length d is independent of the surface charge, while the potential and the force increase linearly with this charge. In this chapter we assume that the interaction between the tip and the biological sample is described by the van der Waals interaction and some strong repulsive force at small distances, together with the just-described so-called electrical double-layer forces. Steric and solvation interactions, which are due to the discrete nature of the liquid, are therefore neglected (Israelachvili, 1992) .
When an SFM tip approaches the sample, different potentials and distances have to be taken into account. It is important to note that it is not possible to adjust the tip-sample distance Z directly by piezoelectric movement; only the distance~between sample and the base of the cantilever can be set experimentally. It follows that the forces versus distance curves as recorded experimentally do not directly correspond to the tip-sample interaction. However, this interaction can be calculated from the force versus distance curves as explained in the Appendix. Furthermore, the Appendix presents a simple model for the tip-sample interaction and a discussion of stability conditions.
Scanning Friction Force Microscopy
The newly developed scanning friction force microscopy (SFFM) allows one to measure simultaneously forces normal to the surface as well as in lateral direction. Since a detailed description of the instrument and the method has been given in Chapter 1, this volume, we only describe some features of lateral forces that are necessary to understand the presented experiments. In SFM, imaging occurs usually without wear. We can qualitatively understand friction between tip and a solid surface as follows.
While the tip is dragged over the rigid surface, physical bonds produced by the adhesion between the tip and the solid surface are continuously broken. In this process energy is dissipated and a mean lateral force is exerted onto the <;antilever. At high resolution the atomic modulation of this lateral force has been observed on mica and on graphite. If the lateral force is plotted versus the lateral tip displacement during one scan (forward and backward scanning has to be included) a hysteresis is observed. The area enclosed by this curve is proportional to the energy dissipated in this process. We note that friction is strongly related to the adhesion of tip and sample and increases with higher normal loading. If the substrate is not a solid but a two-dimensional liquid, as in the case of biological membranes, the friction process is different. In this case the molecular constituents of the substrate that may adhere to the tip are free to move within the two-dimensional liquid, and thus the lateral force is produced by the viscosity of the two-dimensional liquid. Friction is then expected to increase with increasing scan speed.
RESULTS

Topography
At low resolution (image size 7 X 7.um2), we found that the mica substrate was covered by membrane fragments with sizes ranging from 0.25 to l.um ( Fig.  7.4A ). At high scanning forces (> 20 nN), the membrane fragments could not be moved, but the surface structure was significantly changed when the same area was scanned again. Therefore, we concluded that the adhesion of the entire fragments onto the mica was rather high.
At medium resolution (image size 1 X 1 .um2), fragments showed two different domains (Fig. 7.4B ). One type of domain was completely flat, had a thickness of approximately 4 nm, and was assigned to a pure lipid membrane without protein. The second domain was 12 nm thick, in agreement with the electron microscopic images of Na,K-ATPase crystals. It had a granular surface structure.
At high resolution (image size 300 X 300 nm 2 ) in standard buffer and with "sharp" tips, the fragments showed a crystalline structure (Fig. 7.5 ). This image has been Wiener filtered to enhance the visibility of the crystalline structure. Rows could be identified that extended from the upper right to the lower left corners. The distance between them was 10 nm. Along the axis in the other direction, at an angle of approximately 75 0 to the first one, the distance between the rows was about 8 nm. The size of the corrugations between the rows depended strongly on the quality of the tips. With the sharpest tips we have used thus far, corrugations of about 1 nm have been observed. This was one-half the value that has been described for the extracellular protrusions of the protein from electron microscopic investigations. This discrepancy can be explained by the blunt shape of the tips. The dimensions of the features corresponded well with the predicted values.
With state of the art tips currently available (spring 1992), on clean samples images are obtained as shown in Figure 7 .6. These fragments are partially covered by a thin film of about 0.5 nm thickness, which sometimes can be removed by the scanning motion of the tip. Part of this film is shown in the middle and on the border in Figure 7 .6A. The protein was hardly resolved through this film. Figure 7 .6B shows a close-up into the structure of the fragment to present more details. The long-range order of proteins in this image was rather low. The size of the single bumps that we considered to be (dimers of) the proteins was 10 X 12 nm; the z-corrugation was 0.4 nm. On some proteins in the high-resolution image a small dimple of about 0.2 nm was detected, which could be due to the dimer structure of the protein. We hope to confirm this result with a new generation of cantilevers with ultrasharp tips of 10 nm radius (e.g., Park Scientific Instruments, United States; Nanotechnology, Germany; Olympus, Japan).
Forces
To investigate the tip-sample interaction and its local variation, we measured force-distance curves on the fragments as well as on the mica substrate. In the first series of experiments, these curves were measured with high indentation loading (about 100 nN), and the pull-off force (adhesion) was determined. The adhesion of the tip on the mica substrate increased from about 3 nN at the first measurement to about 35 nN after the fourth. Subsequent measurements showed a variation between about 15 and 35 nN. On the membrane fragments the adhesion was found to be about 3 nN. On the membrane fragments the tip did not snap off the sample suddenly as observed with rigid surfaces, but released gradually. Even after 100 nm retraction the tip was still weakly bound by the membrane fragment with a force of -0.5 nN. This behavior suggested that the membrane fragment or some of its constituents were lifted from the substrate FIGURE 7.6 A: Image size is 300 X 300 nm 2 • The long-range order of the proteins is ratlier low, but single (dimers of) proteins are clearly resolved. Parts of a thin film (thickness about 0.5 nm) that covered the fragments is shown in the center as well as on the borders of this image. B: Image size is 125 X 125 nm 2 ; the gray-scale corresponds to a corrugation of about 1 nm. The size of single (dimers of) proteins is 10 X 12 nm; their corrugation about 0.4 nm. On some proteins, a small dimple of about 0.2 nm is resolved.
while the tip was retracted. On the other hand, the increase of pull-off force after successive measurements on the mica substrate indicates that some modification of the tip had taken place. Possible modifications may have been due to either geometric change (e.g., breaking of the tip) or to adhesion of molecules from the sample. Since the curvature radius of the used tips was rather large, the tips should have been mechanically stable. We therefore suggest that adsorbates from the substrate, presumably Iipids, adhered to the tip.
A scan taken after force -distance measurements with high indentation loads showed severe damage to the fragments. Therefore standard measurements were taken with indentation loads lower than 5 nN. In this case the adhesion forces were strongly reduced and ranged between 3 and 5 nN on the mica substrate and less than 0.5 nN on the membrane fragments.
When the tip approached the surface of the membrane fragments, we observed a repulsive force in the distance range of 2-10 om. From the experimental curves F(t1.), we calculated curves of F(z) as described in the Appendix and found an exponential decay length with a Debye length d = 2.4 ± 0.4 nm and a force F o = 0.8 ± 0.2 nN. This agreed reasonably with the decay length of 1.7 nm that was calculated from the ionic strength of the buffer used in this experiment (1 mM Mgl+, 5 mM Tris, 3 mM H 3 P0 4 , pH 7.2).
. Over the mica substrate we found a small repulsive force until a height of about 2.0 nm was reached. Then the tip was unstable and snapped onto the surface. The corresponding force discontinuity was M = 0.4 nN. On the membrane fragments such a discontinuity was smaller than 0.2 nN.
Information about tip-sample interaction may also be obtained from careful interpretation of topographic images. Figure 7 .8 shows topographic and friction images where the force was decreased during the scan from 1 nN at the beginning (bottom of the image) until the tip snapped off the surface (upper part of the image). As discussed later, the brighter areas in the friction image corresponded to points where the friction was negligible, (i.e., the tip did not adhere onto the substrate). At low imaging force «0.25 nN) the tip scanned about 2.5 nm above the substrate, 4 nm over the lipid phase of the fragments, but still in contact with the protein phase. Imaging between 0 and 4 nm over the lipid and between 0 and 2.5 nm over the mica substrate was not stable. In fact, to the right of the membrane fragment in Figure 7 .8 the tip jumps on and off the surface. At this low force, the apparent height of the membrane fragment was 5.5 nm for the lipid phase and about 10 nm for the protein phase, measured from a level 2.5 nm above the mica substrate where the tip found a stable z-position. The resolution at this low force was significantly smaller than at higher forces (F > 0.5 nN). We interpret these results as follows.
As explained in the Appendix, a physically stable tip-sample position requires a positive effective compliance:
.
iJz vz z FIGURE 7.7 Topographic (A) and lateral force (8) images of a membrane fragment containing Na,K-ATPase. Image size is 1.5 X 1.5 p.m 2 ; the gray-scale corresponds to a corrugation of about 20 nm (left) and a lateral force of about 40 nN (right). The normal force was 2.5 nN. B FIGURE 7.8 Images taken at the same location as those in Figure 7 .7 a short time later. The normal force was decreased from about 1 nN (bottom) until the tip retracted from the surface (top). Note that in the central part of the image (Iow normal force) the tip does not scan in contact with the lipid domain and the substrate, but about 2.5 nm over the substrate and 4 nm over the lipid domain. Image size is 1.5 X 1.5,um 2 ; the gray-scale corresponds to a corrugation of about 20 nm (A) and a lateral force of about 30 nN (B).
The complicance term ked] from the electrical double-layer interaction is positive.
From the measured values F o and d we obtain ked](z) = 0.3 e-z/ d nN. The compliance term !4dw from the van der Waals interaction is negative (see the Appendix for sign convention) and may produce an instability if the van der Waals interaction is strong enough. The Hamaker constants across water between the tip (Si 3 N,,) and the different materials in our experiment are A mica = 4.1 . to-20 j, rotein = 3.6 . to-20 j, and A lipid = 2.1 . to-20 J. Assuming a typical curvature radius of 100 nm for the tip, we obtain from Eq. 7.1 a compliance k ydW = -0.2 nN/nm at a distance z = 2.0 nm over the mica substrate. At the same distance ked] = +0.1 nN/nm, and, since the compliance of the cantilever was 0.2 nN/nm, it seems reasonable that the unstable point was about 2 nm over the surface. Since the Hamaker constant~rotein is only slightly lower than A mica , the unstable point over the protein phase should also be at a height of about 2 nm. However, experimentally we obtain a value of about 1 om. We attribute this to an additional interaction, probably due to steric repulsion from the sugar trees on the proteins.
The interpretation of the instabilities in the topographic images is somewhat different. These images were taken at constant force with the feedback set to repulsive imaging mode; therefore instability will occur whenever k. urface < 0 (see Appendix). We therefore conclude that k rurface is negative below 2.5 nm over the mica substrate and below 4 nm over the lipid phase.
We think that we qualitatively understand the main features of the tip-sample interaction. However, further measurements with higher precision are needed for quantitative results.
Friction
Figures 7.7 and 7.8 show a set of topography and lateral force images. For each pair, topography and lateral force were measured simultaneously; Figure 7 .7 was taken with a force of 2.5 nN, and shortly thereafter Figure 7 .8 was taken while the imaging force was slowly reduced from 1 nN until the tip released from the surface. The most evident feature in the lateral force images was the inhomogeneity of the substrate. The lateral force was low on the fragment as well as on the debris that partly covered the substrate. This can be seen directly in Figure 7 .8: After the tip retracted from the substrate, no lateral force acted on the cantilever; therefore, this grey level of the image corresponded to zero lateral force. Analyzing the data in Figure 7 .7, we found lateral forces ranging from 40 to 25 nN on the dark regions of the substrate and about 3 nN on the protein phase of the membrane fragments. Within our detection limit (about 1 nN for lateral forces) we could not detect any lateral forces on the lipid phase of the membrane fragment. Vanishing lateral forces have been observed also on some areas of the protein phase. This is probably due to soft adsorbed material. When the force normal to the surface was below 1 nN, we found lateral forces between 20 and 30 nN on the mica substrate and lateral forces below 1 nN on the membrane fragment.
Some of the bright structures on the substrate also appeared in the topographic images and showed a corrugation between 2 and 4 nm; therefore, we think that these structures were composed of lipid debris from preparation. Comparing Figures 7.7 and 7.8, we found that these structures were moved by the scanning motion of the tip.
On the one hand, lateral forces on the mica substrate were surprisingly high compared with the low imaging force. Under standard conditions the force normal to the surface did not exceed 5 nN, even if the additional adhesion force was taken into consideration. Therefore lateral forces on the substrate are higher at least by a factor of four. On the other hand, the lateral forces on the lipid phase are very small. This might be due to the fact that the lipid bilayer is a two-dimensional liquid. While the lipids exposed to the mica substrate are presumably bound, the lipid molecules facing the buffer may move freely across the lipid phase of the membrane fragments. The lateral force on the tip is then produced by the viscosity of the two-dimensional lipid phase and is considerably smaller than conventional friction. Since SFFM is a very new field, no additional data of SFFM in electrolytes are available for comparison.
Comparison of Preparations
A goal of the investigation of Na,K-ATPase -containing membrane fragments is the determination of the protein shape as a function of external parameters. Therefore, it is necessary to optimize the conditions for the membrane preparations to obtain the highest possible resolution. In the hitherto performed investigations we focused our interest on crystalline preparations, since they are easier to identify under nonoptimum circumstances. In the following section, the effects of different preparations on the image performance are presented. Figure 7 .9 shows part of a freshly crystallized fragment imaged in standard buffer containing 1 mM Mg2+ and 5 mM phosphate, pH 7.2. The size of the scanned area was 250 X 250 nm 2 and the dimensions of the unit cell of the two-dimensional crystals were 8 X 10 mn 2 , with an angle of about 75 0 between the rows. This angle compares reasonably well with the findings of Mohraz et al. (1985) . The buckling of the fragment in the upper right corner of the image was caused by underlying debris adsorbed to the mica.
In Figure 7 .lOA a similar fragment that had been imaged in distilled water (scanned area 400 X 400 nm 2 ) is shown. The lack of phosphate and Mg2+ made the crystals instable, which gave rise to a larger distance of about 15 nm between the protein rows. After replacing distilled water with standard buffer it was not possible to resolve regular structures on the same fragments. This indicated that the divalent cations were of crucial importance for the interaction between tip and sample. If divalent ions are not necessary to maintain proper conditions for the protein, they should be removed for the sake of higher resolution.
Fragments that have not been treated with phospholipase exhibited no crystalline features on their surface in standard buffer. Na,K-ATPase could be FIGURE 7.9 Scanning force microscopy image of membrane fragments containing crystallized Na,K-ATPase in buffer containing 1 mM Mg2+ and 5 mM phosphate, pH 7.2. The size of the scanned area is 300 X 300 nm 2 , and the dimensions of the unit cell of the two dimensional crystals were 8 X 10 nm 2 , with an angle of 75°between the rows. These structures are interpreted as dimers of the Na,K-ATPase in accordance with Mohraz et al. (1985) . The buckling of the fragment in the upper right corner of the image has been caused by underlying debris adsorbed to the mica. detected as single bumps in an almost smooth surface. These fragments were very susceptible to imaging force~. However, when kept in buffers containing 10 mM Ca2+, surface structures could be detected that were stable against the scanning process. As presented in Figure 7 .lOB, the fragment had domains showing some order; the distance between the rows was about 15 nm. This finding indicated that the phase separation and/or transition of lipids induced by divalent cations seemed to be more significant for structural features than the imaging forces. Another intriguing effect can be seen from Figure 7 .lOB. The fragments in this experiment were taken from a sample that had been frozen for a couple of weeks at -74°C and then thawed before use. Almost all fragments exhibited irregular shapes such as invaginations and holes. We attribute these structural artifacts to the growth of ice crystals during the freezing process. Therefore, we normally used only freshly isolated membrane preparations.
Storage of crystallized membrane fragments in buffer at 4°C for 1 week reduced the image quality. Figure 7 .11A shows part of a fragment taken from such a preparation. To enhance the image quality by reducing the debris, the FIGURE 7.10 Comparison of influences of different buffer conditions on the SFM images taken from membrane fragments containing Na,K-ATPase. A: Crystallized protein structures scanned in distilled water. The lack of phosphate and Mg2+ ions induces the disappearance of the crystalline structure with time. Early effects of this process is an increase of the size of the unit c~lI (10 X 15 nm 2 ). The size of the scanned area is 400 X 400 nm 2 • B: Membrane fragments stored and scanned in buffer containing 10 mM Ca2+ ions, which induce a kind of order in the protein domains of the membrane fragment. The tom appearance of the fragment at the upper right part was found rather frequently in this frozen and thawed preparation. The size of the scanned area is 300 X 300 nm 2 • membrane-containing solution was centrifuged and resuspended before scanning. In spite of this treatment, the crystalline structure was obscured by an adhering film of soft material. No crystalline structure was resolved at normal interaction forces (1 nN); at higher forces the crystal structure could be revealed, but was altered. Rescanning of the same area resulted in different structures. The rows had a horizontal distance of 12 nm and a vertical distance of 11 nm (size of the scanned area was 300 X 300 nm 2 ). Compared with an image from freshly prepared crystals, as shown in Figure 7 .9, it is obvious that storage should be avoided to maintain high resolution.
Removing sugar residues from the extracellular face of the protein by neuraminidase treatment yielded crystals with enhanced contrast. Figure 7 .11B shows a (partially) deglycosylated fragment imaged with an average tip in Tris buffer containing 4 mM phosphate and 1 mM Mg2+. The rows have a horizontal distance of 11 nm and a vertical distance of 12 nm (size of the scanned area was 370 X 340 nm 2 ). Even in a preparation that had been stored for more than 1 week and that contained much debris, nearly each fragment showed regular patterns at a higher contrast than in a comparable preparation as presented in Figure 7 .11A. Apparently the debris adhered less readily to crystals without the sugar tree containing neuraminic acid.
OUTLOOK
In SFM, image quality is determined by the mechanical properties of the sample, by the tip-sample interaction, and by the geometry of the tip. The ionic strength is a fundamental parameter for the total surface potential, since it determines the strength and the range of the electrical double-layer interaction. By appropriate choice of the ionic strength and the surface charge, the tip-sample interaction can be minimized. Experimentally, the charge density on tip and sample can be controlled in an electrochemical cell. Further experiments are needed to achieve a better understanding and control of the processes governing tip-sample interactions. These experiments should finally lead to improved imaging conditions. Buffer composition, especially ionic strength, may affect tip-sample interaction, as well as the physical properties of biomembranes, and thereby influence image quality. In principle, SFM-related techniques such as force versus distance curves, SFFM, and local stiffness measurements can determine whether the effect on image quality is produced by changes in tip-sample interactions or by modifications of the properties of membrane fragments. Moreover, we think that these techniques will open new possibilities for locally characterizing the biomembrane -buffer interface.
The interaction between tip and sample increases linearly with the tadius of the tip (Eq. 7.1). Therefore sharper tips will not only increase the accessibility of narrow corrugations but also lower imaging forces. Moreover, a substantial reduction of the imaging forces should reduce sample damage. To resolve crystals of Na,K-ATPase with a standard tip, imaging forces are necessary that are in the range of forces that are able to destroy the crystal structure. Tips with a curvature radius of 10 nm have become available and open the opportunity to improve resolution at lower forces.
Further enhancement of resolution should be achieved by cooling the membrane fragments or cross-linking the proteins (on cost of their functionality). Finally, image processing by averaging a large number of scans of the same area will increase the signal-ta-noise ratio, which is rather high in our images. If we can prove that the sample is not changed appreciably by the imaging forces, SFM and SFFM will yield a realistic image of the surface of Na,K-ATPase-containing membrane fragments. Our goal is to enhance the resolution to be able to distinguish between the El and E 2 conformations, which may lead to a better understanding of the structure -function relation of the pump.
We hope that these investigations on Na,K-ATPase may provide basic knowledge in the application of SFM and SFFM to other membrane-bound proteins.
APPENDIX: MODEL OF THE TIP-SAMPLE INTERACTION
The interaction between tip and surface can be modeled as follows (see Fig.  7 .12). The surface potential as well as the harmonic potential from the cantilever act on the tip; therefore the effective potential is c V eIf(z,~) = V(z) + 2(~-Z)2, (7.2) where z is the tip-sample distance,~the distance between the sample and the base of the cantilever, V(z) is the surface potential, and c is the compliance of the cantilever. For a fixed distance~, the net force on the tip has to vanish:
aVeIf av -F = a;-(z,~) = iJz (z) -c(~-z) = 0 => Zeq(~).
(7.3)
This is an implicit equation for the equilibrium distance Zeq and is a function ofĨ f this is to be a stable point, the compliance (i.e., curvature) of this effective FIGURE 7.11 Influence of different treatments of membrane fragments containing Na,K-ATPase on the SFM images. A: Influence of the storage duration of crystallized membrane fragments in buffer.
The image was taken after 1 week in standard buffer at 4°C. At image forces as applied in Figure 7 .9 no surface structure could be resolved. When increased to forces in the range of 10 nN u'nit cells of the size of 11 X 12 nm I have been observed. The size of the scanned area is 300 X 300 nm I . B: Influence of sugar removal from the extracellular face of the protein by neuraminidase treatment. Although this preparation has been stored also for 1 week at 4°C, the crystal1ine structure could be obtained clearly (the size of unit cells: 11 X 12 nm I ). The size of the scanned area is 370 X 340 nm 
Z~~(
7.5)
It can be shown that only the positive root z+ leads to a stable point. At a distance less than Zinst the tip jumps toward the surface without finding a stable point. For a physical potential with a long-range attractive and a short-range repulsive interaction, the tip reaches a stable point on the surface. In this case the minimum compliance k min = <J2V/dZ 2 of the potential V(z) does not exceed some finite value, and no unstable point occurs for cantilevers with Ikminl<c. For softer cantilevers the lever jumps and a hysteresis is observed in the F(~) curve. In this case, Eq. 7.3 yields three physical meaningful equilibrium distances: Zt, Z2, and Z3' The first two correspond to z± as described above, while Z3 corresponds to the stable position on the surface. We should note that, apart from the physical instability described above, another type of instability might occur if images are obtained as usual with a feedback loop. The sign of the feedback has to be set either for the attractive mode (k ruri < 0) or for the repulsive mode (k ruri > 0). In the first case, the feedback has to approach the tip toward the sample if the cantilever is berlt away from the sample; in the repulsive mode, however, the tip has to be retracted if the cantilever is bent away from the sample to reestablish the preset force. For a positive slope of Ftip-umplc = -aYjaz, the feedback has to be set to attractive mode and for a negative slope, to repulsive mode. To summarize, the tip will be physically unstable if kourf < -c, whereas the feedback will be unstable if k surl < 0 when set to the repulsive mode.
From a measured F(~) curve, an F(z) curve is calculated as follows (Fig.  7.13A,B) : After contact on a hard surface, the tip-sample distance is approximately zero and barely changes with increasing load. Therefore piezoelongation and the cantilever deflection are equal. The F(~) curve asymptotically approaches a line; this line defines the position z = 0 (see Fig. 7 .13). (7.7)
Mathematically this is a (nonlinear) transformation of the vertical axis, which shifts each point {~,F(~)} to {z(~),F[z(~)]}.An instability of the system leads to a discontinuity in the F(~) curve. This discontinuity corresponds to some jumping distance, and no F(z) data are obtained in this region (Fig. 7.13B ).
